To save land resources, the construction of the high-voltage direct current (HVDC) and high-voltage alternating current (HVAC) hybrid transmission lines in the same corridor is inevitable. To provide suggestions for the construction of the AC/DC parallel lines, the hybrid ionized field of AC/DC transmission lines was calculated by the meshless local Petorv-Galerkin (MLPG) method for the first time. In this method, the radius of local sub-domain is adjusted to the nodes close to the global boundary, but not exactly on the boundary. It can avoid the boundary integral, as well as having simplified calculation. The method was validated by comparing with measured results and calculation results. The MLPG method is beneficial to obtaining high-precision results by constructing the more complex shape function. Finally, a field distribution of the parallel line of about ±800 kV DC/500 kV AC was calculated. Moreover, the influence of different parallel spacing and AC voltage level on the hybrid ionized field was analyzed, which provides theoretical basis for real parallel lines design.
Introduction
Along with the development of the high-voltage transmission line, more and more AC/DC transmission projects have been developed. To save power transmission corridors, the parallel construction of HVDC and HVAC hybrid transmission lines is inevitable. However, the distribution of electric field under the HVAC/HVDC parallel lines is different from that of single AC or DC lines, and their hybrid electric field distribution is relatively complicated. The effect of electric field on the human body and the environment is not clear, leading to the issue of calculation of the electric field around the HVAC/HVDC parallel line.
The early theoretical calculation of the HVAC/HVDC parallel line was presented by Maruvada and Drogi in 1988 [1] . The interaction between the AC and DC's coronas was ignored. The voltage of AC lines was set to zero when analyzing the DC lines. Clairmont, B., et al. [2] proposed an improved method, where the AC conductors were considered as grounded conductors which can shield the ground ionized field as well as the distribution of the ion current density. This method is apparently inconsistent with the physical nature of the hybrid AC/DC electric field problem, since the connection between two adjacent time steps is not included.
∇
2 ϕ(t) = − ρ + (t) − ρ − (t) /ε 0 (1) ∂ρ + (t) ∂t + ∇ · (ρ + (t)K + E s ) = −Rρ + (t)ρ − (t)/e (2) ∂ρ − (t) ∂t where, ϕ(t) is the space potential, (V). ρ + (t) and ρ − (t) are the positive and negative space charge densities, respectively (C/m 3 ). ε 0 is the dielectric constant in vacuum, 8 .854 × 10 −12 (F/m). R is the positive and negative ion composite coefficient, which stands for the speed of the positive and negative ions combined with the neutral material (m 3 /s); K + and K − are the ion mobilities of positive and negative ions, respectively (m 2 /(Vs)), e is electron charge, 1.6 × 10 −19 C. E s is the total electric field strength, which is equal to −∇ϕ, (V/m).
Basic Assumptions
From the governing equations of the hybrid ionized field, it can be seen that there is a coupling problem between ion distribution and electric field distribution. It is necessary to introduce some reasonable assumptions to decouple and calculate the hybrid ionized field. The basic assumptions used in this paper are as follows:
(1) Kaptzov Assumptions, that is, the electric field on the surface of the DC lines is maintained at the starting corona electric field:
where E c+ and E c− are the starting corona electric field of the positive and negative DC lines, respectively.
(2) Since the process of calculating the ground ionized field does not need to take into account the motion of electrons, collision ionization, or photoionization in the corona layer, the thickness of the corona layer and the physical process of the corona layer are ignored. This assumption is commonly used in the calculation of the ionized field [15] .
(3) Ignoring the diffusion of the positive and negative charge, the mobility of the positive and negative ion is constant.
The ionized field is a convection-dominant problem, and the effect of diffusion on the distribution of ionic space is negligible due to the difference of concentration of ions in space.
(4) The split wire is equivalent to the equivalent radius wire. In order to simplify the calculation model and improve the speed of calculation within a guaranteed accuracy, the split conductor is often replaced with the equivalent radius wire when calculating the distribution of ion flow field in DC transmission lines.
(5) The space charges generated by the AC conductor are ignored [16] . It is generally accepted that the electric charge generated by the AC wire is still bound to the AC wire by the AC voltage, and electric charge does not drift into the ground, since the distance between AC lines and DC lines is large enough in actual transmission lines.
Boundary Conditions
The boundary conditions in the mathematical model of the hybrid ionized field in AC/DC parallel lines are as follows:
(1) Wire surface voltage for its operating voltage:
where U is the voltage of DC transmission line, U 1 (t) is the voltage of AC transmission line.
(2) The potential on the ground is zero:
(3) On the basis of ensuring calculation accuracy and calculation efficiency, artificial boundaries are added to the calculation boundary, while the charge density in the artificial boundary can be ignored. The results of calculation and experiment showed that the calculation performs better with Energies 2018, 11, 1521 4 of 14 the height of the artificial boundary as 3~5 times of the height of the DC wire [9] . Since there is no space charge at the artificial boundary, the voltage at the boundary is the nominal voltage:
where U 0 is the nominal voltage at the artificial boundary.
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Shape Function
The interpolation function is constructed by RPIMp shape functions in the process of using the meshless method.
For an unknown field u(x), its interpolation function u h (x) can be expressed as follows [17, 18] :
In Equation (8), n is the number of nodes in the support domain. m is the number of terms of monomials. R T is the vector of radial basis vector. P T is the polynomial basis vector. a and b are unknown vectors. R T , P T , a, and b are defined as:
The unknown field represented by the fitting function is matched to the values of node n, which can be obtained as follows:
where, u = [u 1 , u 2 , . . . , u n ] is the vector in node n;
T is a n × n matrix containing radial basis function (RBF) vector;
T is a n × m polynomial matrix. The shape function Φ(x) is defined as:
where
One of the main advantages of the shape function built by RBFs is that it satisfies the Kronecker delta function property [19, 20] , which is:
This important property enables the MLPG method to impose the boundary conditions directly by the RPIMp in this paper, while other meshless methods need additional techniques.
Solving Poisson's Equation
Poisson's equation and boundary conditions are as follows:
where the problem boundary is ∂Ω = Γ u ∪ Γ q and n is the normal vector for the outer boundary. The MLPG method is based on the local weak form, in which Equations (14)- (16) can be obtained by a weighted residual method:
where u is trial function, v represents the test functions and α >> 1 is the penalty parameter. Γ su is a part of the essential boundary. If the sub-domain has no intersection with the global essential boundary, the second part of Equation (17) vanishes [21] .
In the MLPG method, the trial function and test function can be chosen from different function spaces. In this paper, the MLPG selects the Heaviside function as the test function, which is given in Equation (18) [22] :
By using the Heaviside function, the local weak form of Poisson's equation can be written as:
where Γ sq is the intersecting part of the local support domain and the charge boundary. If the local support domain has no intersection with the two boundary conditions, the integral is equal to zero. In the conventional MLPG method, the unified size of the local sub-domain Ω s is often used as the integral, as shown in Figure 1a . On the border and its vicinity, the local sub-domain Ω s inevitably overlaps with the problem domain boundaries and boundary part. The process of implementation in the conventional MLPG method, according to the boundary of different shapes and different node locations, determines whether the local sub-domain Ω s of each node is beyond the problem domain. This increases the difficulty of programming. 
Poisson's equation and boundary conditions are as follows: (16) where the problem boundary is u q     and n is the normal vector for the outer boundary. The MLPG method is based on the local weak form, in which Equations (14)- (16) can be obtained by a weighted residual method:
where u is trial function, v represents the test functions and α >> 1 is the penalty parameter.
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 is a part of the essential boundary. If the sub-domain has no intersection with the global essential boundary, the second part of Equation (17) vanishes [21] .
In the MLPG method, the trial function and test function can be chosen from different function spaces. In this paper, the MLPG selects the Heaviside function as the test function, which is given in Equation (18) 
where Γsq is the intersecting part of the local support domain and the charge boundary. If the local support domain has no intersection with the two boundary conditions, the integral is equal to zero. In the conventional MLPG method, the unified size of the local sub-domain Ωs is often used as the integral, as shown in Figure 1a . On the border and its vicinity, the local sub-domain Ωs inevitably overlaps with the problem domain boundaries and boundary part. The process of implementation in the conventional MLPG method, according to the boundary of different shapes and different node locations, determines whether the local sub-domain Ωs of each node is beyond the problem domain. This increases the difficulty of programming. In order to simplify the MLPG method, the radius of local sub-domains was adjusted to the nodes close to the global boundary, but not exactly on the boundary. Therefore, the sub-domains for such nodes would not cross over the global boundary, as Figure 1b shows. The main idea of the technique can be found in Reference [23] .
Through adaptive narrowing near the boundary nodes after local sub-domain Ω s , the function Equation (19) for the sub-domains entirely within the problem domain can be simplified:
It can be seen that there is no domain integration involved in the left side of Equation (20) . The boundary integrations are needed only over L s = ∂Ω s .
In the discrete equation, the nodes on the boundary use the RPIMp function to apply the boundary conditions. The system matrix can be obtained:
∂n dΓ is for the internal nodes.
∂n is for the nodes on Γ q . In addition,
ε dΩ is for the nodes in the interior of ∂Ω; f i = u 0 is the nodes on Γ u ; f i = q is the nodes on Γ q .
The Solution of the Charge Conservation Equation
The charge transfer, as well as the composite coupling of the charge conservation equation's solution, is the most difficult part in solving the hybrid ionized field. In this paper, the space charge density is solved directly from the charge conservation equation, according to the current differential principle.
On the conductor surface and at every point in the space outside the area, because the charge produced by the DC lines at t n moment has not yet arrived in t n+1 moment, the change of space charge density is caused by the electric field under the movement of ion migration. Therefore, by solving the charge conservation equation, the space charge density of the t n+1 moment can be obtained.
Combining Formulas (1)- (3), these equations can be obtained:
In the Formulas (22) and (23), V + and V − are the migration velocity vectors of positive and negative ions:
Because the meshless method only requires node partitioning when constructing shape functions, it is very convenient to select the upstream node by controlling the size, as well as the position, of the local support domain. The selection of the upstream node is shown in Figure 2 Assuming that the direction of the ion mobility velocity Vi is as shown in Figure 2 , the upstream node can be determined by moving the normal support domain against the direction of the ion mobility velocity. Because the meshless method avoids the triangulation, it can avoid the judgment of the direction of the vector in the upper finite element when selecting the upstream node, and it is very convenient to use the size of the support domain to determine the number of the upstream nodes [23] .
After the upstream node is determined, on the node i, the Formulas (22)- (25) can be described as follows:
Using the notion of upstream node, the nodes i, j, k and i, l, n are the upstream nodes of the positive and negative charges, respectively. The potential gradient and charge density gradient of positive and negative charge at node i are respectively equal to the potential gradient and charge density gradient of the upstream support domain, and the first step is discrete in the upstream support domain.
At the time of tn+1, the Formulas (26)-(27) can be expressed as:
In the local support domain of the MLPG method, the charge density can be expressed as:
where n is the number of nodes in the local support domain;
is RPIMp shape functions on the node i.
In local support domain, the solution process of positive and negative charge density is considered to be as follows: Assuming that the direction of the ion mobility velocity V i is as shown in Figure 2 , the upstream node can be determined by moving the normal support domain against the direction of the ion mobility velocity. Because the meshless method avoids the triangulation, it can avoid the judgment of the direction of the vector in the upper finite element when selecting the upstream node, and it is very convenient to use the size of the support domain to determine the number of the upstream nodes [23] .
At the time of t n+1 , the Formulas (26)-(27) can be expressed as:
where n is the number of nodes in the local support domain; Φ I (x) is RPIMp shape functions on the node i.
In local support domain, the solution process of positive and negative charge density is considered to be as follows:
The choice of the time-step ∆t must take into account the balance between the accuracy and the stability of the time plan. Therefore, the following definition is used:
where r D is the radius of the inscribed circle of support domain; C is of order 1; ∆r reflects the spacing between nodes, using the distance between Gauss quadrature points.
Calculation Process
Based on the MLPG method, the calculation process described in this paper is shown in Figure 3 . As Figure 3 shows, the calculation of the hybrid ionized field is carried out in the time domain. In order to accelerate the convergence of the algorithm, the space charge density of the DC wire is calculated as the initial charge density of the hybrid electric field. In the process of calculation, every parameter is determined under normal weather, including the starting corona electric field, ion mobility, etc.
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To reduce the error, the normal weather of the test data was chosen to verify the calculation results, and the measured value of field mills A and B were averaged. The calculation node of the MLPG is shown in Figure 7 . The calculated and measured results of the hybrid ionized field and ion current density at the ground level are shown in Figure 8 , showing good consistency between the calculated results and the measured values.
From what has been discussed above, this method can effectively predict the distribution of hybrid ionized field in AC/DC parallel lines. From what has been discussed above, this method can effectively predict the distribution of hybrid ionized field in AC/DC parallel lines.
Applications
(1) The influence of the approach distance of AC transmission line
To confirm the influence of the approach distance to the hybrid ionized field in the transmission line, we used the line parameters in Figure 6 to calculate the hybrid ionized field and the distribution of the ion current density, which only change the approach distance from 60 to 40 m. The result of the calculation is shown in Figure 9 and Table 1 . When the distance became shorter, the maximum values of the ionized field and ion current density were reduced by 9.86% and 2.96% respectively. The average values of the ionized field and ion current density were reduced by 36.7% and 19.5% respectively. The main reason for this is that when the distance is shorter, the influence of the AC electric field on the space flow motion of the ion is greater. Because of the shielding effect of AC lines, the ground ionized field is reduced. 
To confirm the influence of the approach distance to the hybrid ionized field in the transmission line, we used the line parameters in Figure 6 to calculate the hybrid ionized field and the distribution of the ion current density, which only change the approach distance from 60 to 40 m. The result of the calculation is shown in Figure 9 and Table 1 . When the distance became shorter, the maximum values of the ionized field and ion current density were reduced by 9.86% and 2.96% respectively. The average values of the ionized field and ion current density were reduced by 36.7% and 19.5% respectively. The main reason for this is that when the distance is shorter, the influence of the AC electric field on the space flow motion of the ion is greater. Because of the shielding effect of AC lines, the ground ionized field is reduced. To study the effect of AC voltage upon the hybrid ionized field, we used the line parameters in Figure 6 to calculate the hybrid ionized field and the distribution of the ion current density while only changing the division number and voltage grade of the AC lines. The hybrid ionized field were calculated when the voltage of the AC lines was 220 kV, 500 kV and 750 kV, respectively. The calculated result is shown in Figure 10 and Table 2 . With increasing AC voltage, the hybrid ionized field and ion current density on the ground decreased. When the voltage of the AC lines changed from 220 to 500 kV, the maximum ionized field and ion current density were reduced by −0.17% and 2.1%, respectively. The average values of the ionized field and ion current density were reduced by 9.1% and 11.4%, respectively. When the voltage of the AC lines changed from 500 to 750 kV, the maximum values of the ionized field and ion current density were reduced by 2.9% and 8.1%, respectively. The average values of the ionized field and ion current density were reduced by 7.02% and 8.78%, respectively. The reason for this is that with the increase in the AC electric field, the motion disturbance of the space charge is enhanced, making the distribution of space charge under the line more dispersed. To study the effect of AC voltage upon the hybrid ionized field, we used the line parameters in Figure 6 to calculate the hybrid ionized field and the distribution of the ion current density while only changing the division number and voltage grade of the AC lines. The hybrid ionized field were calculated when the voltage of the AC lines was 220 kV, 500 kV and 750 kV, respectively. The calculated result is shown in Figure 10 and Table 2 . With increasing AC voltage, the hybrid ionized field and ion current density on the ground decreased. When the voltage of the AC lines changed from 220 to 500 kV, the maximum ionized field and ion current density were reduced by −0.17% and 2.1%, respectively. The average values of the ionized field and ion current density were reduced by 9.1% and 11.4%, respectively. When the voltage of the AC lines changed from 500 to 750 kV, the maximum values of the ionized field and ion current density were reduced by 2.9% and 8.1%, respectively. The average values of the ionized field and ion current density were reduced by 7.02% and 8.78%, respectively. The reason for this is that with the increase in the AC electric field, the motion disturbance of the space charge is enhanced, making the distribution of space charge under the line more dispersed.
When the AC/DC is parallel, the effect of DC voltage on the calculation results is similar to that when the DC line runs separately. There is some literature that has studied this, and specific effects can be found in Ref. [11] . Thus, this article does not research this any further. 
Conclusions
In the above paper, an algorithm based on the MLPG method was proposed to calculate the hybrid ionized field of AC/DC parallel lines. The advantages of the calculation method are high accuracy and fast computing speed. The hybrid ionized field can be calculated in the time domain. At the same time, the ground hybrid ionized field of an 800 kV DC and 500 kV double AC parallel transmission line was measured and calculated. The accuracy of the algorithm and the influence of different parallel spacing and AC voltage level on the hybrid ionized field were analyzed. The main conclusions are as follows:
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